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Abstract: To investigate the effects of vitamin D supplementation before pregnancy on the offspring’s cognitive 
function in mice with advanced maternal age (AMA). Thirty-two-week-old female mice were randomly allocated into 
two groups: the 32 W+VD group (receiving 10 IU/g body weight vitamin D3 dissolved in 200 μl corn oil per day), and 
the 32 W group (receiving 200 μl corn oil per day) for one week before mating with ten-week-old male mice. Another 
group of eight-week-old female mice was given 200 μl corn oil for the same period of time and set as normal child-
bearing age controls (8 W group). The pregnancy outcomes were recorded and the offspring at the age of 6 weeks 
were subjected to behavioral tests. Finally, the expression level and distribution of neural cell markers in the off-
spring’s hippocampus were detected by immunofluorescence. Mice with AMA had higher risk of adverse pregnancy 
outcome, smaller litter size, and offspring development. Vitamin D supplementation in mice with AMA promoted 
offspring development. AMA and maternal vitamin D supplementation before pregnancy did not change the anxiety 
and depression of young adult offspring. AMA impaired spatial learning and memory function of offspring while vi-
tamin D supplementation before pregnancy rescued the impairment. AMA decreased NEFH (neurofilament protein) 
and MAP2 (microtubule binding protein) expression in offspring hippocampus, but vitamin D supplementation be-
fore pregnancy promoted NEFH and MAP2. Vitamin D supplementation before pregnancy can rescue the impaired 
learning and memory in offspring born to AMA mice. Our results highlight the significant impact of maternal vitamin 
D supplementation on the cognitive function of offspring. 
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Introduction

Delaying pregnancy is becoming common in 
China due to the changes in the perception of 
fertility and gradual liberalization of the two-
child policy. Adverse pregnancy outcomes for 
both mother and child have been reported to 
be correlated to advanced maternal age (AMA), 
such as risks for miscarriage [1], pre-eclampsia 
[2], gestational diabetes mellitus [3], chromo-
somal abnormalities [4], stillbirth [5], fetal 
growth restriction [6], and preterm birth [7]. 

Among these impairments, neurocognitive out-
comes of the offspring are of great importance 
and debate. Some randomized controlled trials 
have shown that AMA aggravates anxiety be- 
havior [8] and decreases spontaneous motor 

activity [9]. Epidemiologic studies show that 
AMA reduces the offspring’s IQ [10] and in- 
creases the risk for their offspring to develop 
schizophrenia and autism [11]. Nevertheless, 
quite a few studies obtained negative or even 
opposite results. For instance, a study invol- 
ving 33437 singleton children found that ad- 
vanced maternal age was generally associated 
with better cognition scores [12]. Epidemio- 
logic studies show offspring born to mothers 
with AMA have higher risk of depression and 
anxiety, while not many randomized controlled 
trials and clinical trials achieved the result that 
offspring born to mothers with AMA have more 
severe depression and anxiety symptoms [13- 
15].

Vitamin D, as steroid hormone, has various 
functions in the nervous system, such as neu- 
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rotrophic factor production, neurotransmitter 
release regulation, calcium homeostasis main-
tenance, oxidative stress, and inflammatory 
processes. It is linked to cognitive develop- 
ment [16], fetal brain development, and post-
natal neural function [17].

Maternal vitamin D deficiency has a close as- 
sociation with adverse maternal and neonatal 
outcomes including pre-eclampsia [18], gesta-
tional diabetes mellitus [19], postpartum de- 
pression [20], emergency cesarean section de- 
livery [21], low birth weight babies [22], small 
for gestational age [23] and fetal intrauterine 
growth restriction [24].

Vitamin D deficiency is an urgent public health 
issue that afflicts more than one billion child- 
ren and adults globally [25], especially preva-
lent in pregnant women with AMA [26].

Our previous work showed that mice born to 
AMA mothers had worse cognitive function 
when compared with the offspring born to  
mice with normal reproductive age [27]. We 
speculate that vitamin D supplementation be- 
fore pregnancy for mice with AMA may rescue 
the cognitive impairment of their offspring.

Materials and methods  

Animals and vitamin D diets

Mice (C57BL/6) were approved by the Hubei 
Provincial Center for Disease Control and Pre- 
vention (license#: SCXK (E) 2015-0018, and 
animal quality certificate#: 420000600003- 
1051, 42000600030394) and in accordance 
with the Guide for the Care and Use of Labo- 
ratory Animals (National Research Council, 
2011). Thirty-two-week-old female virgin mice 
were randomly allocated into 2 groups (32 
W+VD group and 32 W group) receiving nor- 
mal diet. Mice in 32 W+VD group received 10 
IU/g body weight vitamin D3 dissolving in 200 
μl corn oil per day for consecutive 7 days by 
gavage, while mice in the 32 W group recei- 
ved 200 μl corn oil. The eight-week-old virgin 
female mice received the same treatment as 
the 32 W group did. All animals were housed  
at 25°C±2°C, humidity of 60%±2% and a 12-h 
light-dark cycle, with free access to standard 
laboratory chow diet and water, and acclimat- 
ed to the experimental environment for one 
week prior to vitamin D intervention. All female 

mice were mated with ten-week-old male mice 
at 2:1 ratio after 7 days’ treatment. Success- 
ful mating was confirmed by the presence of  
a vaginal plug, and the day was recorded as 
E0.5 (Embryonic day). Adverse pregnancy out-
comes were defined as miscarriage, abortion, 
stillbirth, overdue delivery, and fetal absorpti- 
on. After behavioral tests, young adult mice we- 
re sacrificed, then the hippocampus was dis-
sected and immediately frozen and stored at 
-80°C for further analysis.

Behavioral tests of offspring

Offspring at the age of 6-7 weeks old born to 
the mice in the above 3 groups were subject- 
ed to behavioral tests. All the offspring went 
through 1-day habituation in the behavioral 
room. All tests were finished between 8:00  
a.m. and 6:00 p.m. and all apparatus were 
cleaned with 75% ethanol before and after 
each testing. Testing sessions were digitally 
recorded and analyzed with a computerized 
video tracking system (Panlab, Harvard Bio- 
science, Spain). 

Anxiety test of offspring

Offspring anxiety behavior was measured with 
the open field test (OF), and the elevated plus-
maze (PM) test [28, 29]. 

In the OF test, polyvinylchloride box (50 × 50 × 
40 cm) with a floor evenly divided into 25 
squares was adopted to test offspring. The 
outer 16 cells are defined as the outer region 
(marked blue), the inner 8 cells defined as the 
inner region (marked red), and the very center 
cell as the center region (marked green). Mice 
were placed in the same corner of the test box 
and each was allowed to move freely for 5 min 
after 1 minute of adaption. A mouse was con-
sidered to be in the center region when the  
center of its body was in the very center re- 
gion. The percentage of duration of time spent 
in the very center region was used to quantify 
the anxiety level.

In the elevated PM test, the closed arms were 
enclosed by a black wall (20 cm in height).  
Each mouse was placed in the central area of 
the maze facing one of the open arms. The  
percentage of entries to the open arms (OE%) 
and the percentage of time spent in the open 
arms (OT%) were measured to assess the anxi-
ety level.
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Depression test of offspring 

The tail suspension test (TS), the forced swim-
ming test (FW) and the sucrose preference rest 
(SP) were performed to evaluate the offspring 
depression states [30-32]. 

In the TS test, mice were suspended upside 
down 50 cm above the floor by adhesive tape 
while the tape was approximately 1 cm from 
the tip of the tail. Mice were considered immo-
bile only when they hung completely passive. 
Each trial lasted for 6 min, while the last 5 min 
was for recording the total duration of immobil-
ity to measure the depression states.

In the FW test, mice were forced to swim in a 
glass cylinder (30 cm in height, 11 cm in diam-
eter) containing water at 25°C and 20 cm  
deep, in which the mouse was forced to swim 
constantly or be immobile. Mice were consid-
ered immobile when they hung in an upright 
position and made only minimal movements to 
keep their heads above water. Each trial was 
tracked by a computerized video tracking sys-
tem and lasted for 6 min, while the percentage 
of immobility duration in the last 5 min was 
measured to evaluate the depression state.

In the SP test, each animal was exposed to 2 
bottles after a 24-h period of water depriva- 
tion, one filled with tap water and the other 
filled with tap water containing sucrose so- 
lution (1%). Water consumption was measured 
by weighing the bottle before and after the  
test. Sucrose preference (percentage) was cal-
culated by the following formula: sucrose solu-
tion intake/total intake, while total intake = 
sucrose solution intake + tap water intake, as 
previously described. The positions of the 2 
bottles were varied randomly and no other dif-
ferences existed in the 2 bottles.

Cognitive function of offspring

The passive avoidance (PA) test, novel object 
recognition (NOR) test and Morris water maze 
(MWM) test were conducted to assess the off-
spring cognitive function. 

The PA test was developed by Crawley [33] and 
widely used to assess memory. A polyvinylch- 
loride box (29 × 14 × 30 cm) was divided into 
dark and the light compartments while 1 cm 
thick plate was in the middle to test the off-
spring. The dark compartment was covered 
with a dark lid and the light one was open illu- 

minated with a 60 W light bulb placed 40 cm 
above the upper edge of the box. Stainless 
steel grids were placed on the floor of the dark 
compartment to produce foot shock. The test 
was divided into the following steps.

Adaptation stage: The mice were put into the 
box with their back to the hole and moved  
freely for 5 minutes. The mice with a latency 
greater than 180 s were removed.

Training stage: In this stage, the mice were put 
in the light room for 1 min.

Memory test: 24 hours after the end of train- 
ing, the mice were put in the light room again. 
The number of mistakes made in 5 minutes 
and the latency (the time entering the dark 
room for the first time) in 2 days were record- 
ed to measure the memory.

Memory extinction test: After 2 days of me- 
mory test, the mice were put in the light room 
again. The latency and the number of mistakes 
in 5 minutes were also recorded.

The NOR test was adopted to assess the mem-
ory [34]. The size of object A and object B were 
similar to mice, while the size of object C was 
similar to mice but the shape and color of it 
were completely different from object A and 
object B. The procedure of the test is explained:

The adaptation period: The mice were placed in 
the device box to move freely for 10 minutes to 
eliminate the fear and unfamiliarity and avoid 
interference with the later memory. 

The familiarity period: Object A and object B 
were placed in a symmetrical position on both 
sides of the box which were 10 cm away from 
the wall. Then the mice were put into the de- 
vice box. Each mouse was allowed for 5 min-
utes to be familiar with object A and object B.

The test period: Object A or object B was 
replaced by object C, and the mice were put 
into the device box. The time until contacting 
the new and old objects in 5 minutes was 
recorded by the computerized video tracking 
system. The effective contact was defined as 
directly touching or a distance of less than 2 
cm between the nose of the mouse and object. 
Finally, the cognition index of mice was calcu-
lated as: time spent exploring the new objects/
time spent for both of the new and the old 
objects * 100%.
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The MWM test is widely used to evaluate  
hippocampus-dependent spatial learning and 
memory [35]. The maze apparatus is an open 
circular pool (122 cm in diameter) filled with 
water (22±1°C) added with white nontoxic  
polypropylene pellets to be opaque. The pool 
was located in the center of an experimental 
room with multiple extra-maze visual geometric 
cues hanging on the wall. It is virtually divided 
into four equal quadrants by two principal axes 
with the computerized video tracking system, 
while the end of each line demarcates four car-
dinal points: North (N), East (E), South (S), and 
West (W). 

The test includes two phases, the spatial le- 
arning phase and the memory phase. For the 
spatial learning phase, a hidden platform (8 cm 
in diameter) was submerged 1.2 cm beneath 
the water surface and placed in a fixed loca- 
tion in the center of SE quadrants. Mice were 
released into the pool from one of the four 
starting positions (N, W, NE, and SW) and the 
releasing order changed pseudorandomly bet- 
ween the consecutive 4 days. The mice were 
trained for 4 days with 4 trials per day and test-
ed at the fifth day. A trial was considered fin-
ished when the animal found the escape plat-
form or the latency was beyond 60 seconds. 
Then the mice failed to find the hidden platform 
in 60 seconds were picked up again and placed 
on the platform for 15 more seconds at the  
end of each trial to be familiar with the plat-
form. Mice were dried after each trial.

Escape latency (time reach to the platform for 
the first time), number of platform crossing, 
swim distance and swim speed were recorded 
to measure the spatial learning and memory.

Q-PCR analysis

We used Trizol (Life, USA) to extract total RNA  
of hippocampal tissue of offspring at 8 Weeks 
in each group. q-PCR was performed in the 
StepOne™ Real-Time PCR System (ABI, Singa- 
pore) using SYBR® Premix Ex Taq II (TaKaRa, 

Immunofluorescence was also performed on 
hippocampal tissues of offspring at 8 Weeks  
in each group and carried out by Servicebio 
company. The specific operations are as fol-
lows: first, the paraffin sections were depar- 
affinized. Subsequently, antigen retrieval was 
performed. Then, the primary antibody incu- 
bation and the secondary antibody incubation 
were performed. Next, the nuclei was counter-
stained with DAPI. Finally, pictures were taken 
after mounting.

Statistical analysis

Data are shown as the mean ± SD or n/N. Two 
independent sample t-tests and chi-square 
tests were conducted to evaluate the maternal 
outcomes and neonatal outcomes. In behav-
ioral tests, escape latency of the MWM and 
latency of the PA were analyzed by one-way 
repeated-measure ANOVA while the other data 
were analyzed by two independent sample t- 
tests. Comparing 32 W group with 8 W group 
was to measure the effect of maternal age, 
while comparing 32 W+VD group with 32 W 
group was to explore the effects of vitamin D 
intervention before pregnancy for mice with 
AMA. Values of P<0.05 were considered sig- 
nificant. All analyses were conducted in SPSS 
19.0.

Results

Maternal vitamin D supplementation before 
pregnancy improved pregnancy outcome

To explore AMA and vitamin D supplement- 
ation influence on maternal reproductive abili-
ty, we measured the duration from mating to 
pregnancy and litter size. Body weight at Day  
2, Day 24, body length at Day 24 and gesta-
tional weight gain at E18.5 were evaluated to 
assess offspring development. 

Mice with AMA had a higher risk of adverse 
pregnancy outcome and lower gestational wei- 

Table 1. Primer sequences used in this experiment
Gene Forward primer Reverse primer
β-actin 5’GGCTGTATTCCCCTCCATCG3’ 5’CCAGTTGGTAACAATGCCATGT3’
MAP2 5’AGGAAGCCCAACACAAGGAC3’ 5’TTTGTTCTGAGGCTGGCGAT3’
NEFH 5’GGCCAAGACCCCCGTC3’ 5’GGCTTCCGGAGACTTCACAT3’
NeuN 5’CCTGGGAACCCATATGCCAAT3’ 5’GTGGGGTAGGGGAAACTGGT3’
MAP2: microtubule binding protein; NEFH: neurofilament protein; NeuN: Neuron 
specific protein.

Japan) and the gene-specific 
primers. β-actin was employ- 
ed as an endogenous con- 
trol. The relative expression  
of RNA was calculated using 
2-ΔΔCt method. Primer sequen- 
ces used in this experiment 
are shown in Table 1.

Immunofluorescence
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ght gain at E18.5. Offspring born to AMA mice 
had smaller litter size and slower growth rate. 
Nevertheless, the difference in the duration 
from mating to pregnancy between 8 W group 
and 32 W group did not reach significance 
(Table 2).

Compared with the 32 W group, offspring born 
to mice with vitamin D supplementation before 
pregnancy had better development, while no 
other significant difference was found (Table 
3). In summary, mice with AMA had worse  
pregnancy outcome, while vitamin D supple-
mentation before pregnancy provided certain 
benefits.

Maternal vitamin D supplementation before 
pregnancy did not change the anxiety and de-
pression in young adult offspring

We first analyzed the offspring’s anxiety status 
by the percentage of time spent in the very  
central region in the OF test, so as OT% and 
OE% in the elevated PM test. The slight differ-
ence in the percentage of time spent in the  
very central region (8 W vs 32 W: 0.556±0.375 
vs 0.453±0.321; P=0.555; Figure 1A), OT% (8 
W vs 32 W: 0.897±1.031 vs 1.029±1.197; 

P=0.818; Figure 1B) and OE% (8 W vs 32 W: 
8.364±9.626 vs 10.68±10.15; P=0.644; Fig- 
ure 1C) were observed between offspring born 
to mice in 8 W group and offspring born to  
mice in 32 W group, but did not reach statisti-
cal significance. 

Vitamin D supplementation before pregnancy 
did exert an effect on the offspring’s anxiety 
level in the OF test (32 W+VD vs 32 W, 
1.036±0.770 vs 0.453±0.321; P=0.099; Fi- 
gure 1A), though not reaching a significant 
level, but not in PM tests assessed by OT%  
(32 W+VD vs 32 W, 1.411±2.385 vs 1.029± 
1.197; P=0.695; Figure 1B) and OE% (32 W+ 
VD vs 32 W, 21.96±30.01 vs 10.68±10.15; 
P=0.334; Figure 1C).

Offspring depression states were then evaluat-
ed by the percentage of immobility duration in 
both the TS and the FS tests. Similar to the 
anxiety tests, advanced maternal age did not 
exhibit a significant effect on the immobility 
duration percentage of the offspring (TS test,  
8 W vs 32 W: 37.29±23.46 vs 34.28±17.87; 
P=0.772; Figure 1D; FS test, 8 W vs 32 W: 
45.52±12.56 vs 51.21±13.17; P=0.378; Fig- 
ure 1E). In addition, sucrose preference also 

Table 2. Pregnancy outcomes of 8 W group and 32 W group
8 W group 32 W group t/χ2 P

Maternal outcome
    Adverse pregnancy outcomes (n/N, %) 4/19, 21.1 11/19, 57.9 5.397 0.020
    Duration from mating to pregnancy (d) 5.5±4.7 8.6±7.3 1.472 0.1507
    Gestational weight gain at E18.5 (g) 17±2.5 12.3±2.3 5.705 <0.001
Neonatal outcome
    Small size (n) 8.16±1.30 4.8±2.83 4.356 <0.001
    Body weight at Day 2 (g) 1.4±0.12 1.3±0.11 3.391 0.0012
    Body weight at Day 24 (g) 9.7±0.23 7.8±0.39 25.49 <0.001
    Body length at Day 24 (cm) 6.9±0.21 6.6±0.10 6.594 <0.001

Table 3. Pregnancy outcomes of 32 W+VD group and 32 W group
32 W+VD group 32 W group t/χ2 P

Maternal outcome
    Adverse pregnancy outcomes (n/N, %) 12/24, 50.0 11/19, 57.9 0.266 0.606
    Duration from mating to pregnancy (d) 8.9±6.3 8.6±7.3 0.1260 0.9005
    Gestational weight gain at E18.5 (g) 12.3±3.5 12.3±2.3 <0.001 >0.999
Neonatal outcome
    Litter size (n) 6.59±2.12 4.8±2.83 1.966 0.0583
    Body weight at Day 2 (g) 1.4±0.12 1.3±0.11 3.009 0.0042
    Body weight at Day 24 (g) 8.9±0.92 7.8±0.39 5.393 <0.001
    Body length at Day 24 (cm) 6.7±0.3 6.6±0.10 1.549 0.1282
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confirmed that the offspring’s depression level 
(8 W vs 32 W: 0.8071±0.0588 vs 0.7757± 
0.03207; P=0.238; Figure 1F) was not affect- 
ed by AMA.

Vitamin D intervention decreased the percent-
age of immobility duration in the TS test (32 
W+VD vs 32 W, 19.89±12.59 vs 34.28±17.87; 
P=0.099; Figure 1D), though not reaching a  
significant level. However, this did not change 
the immobility duration percentage in the FS 
test (32 W+VD vs 32 W, 54.46±7.815 vs 
51.21±13.17; P=0.598; Figure 1E). Vitamin D 

intervention did not exert any effect on the 
sucrose preference test either (32 W+VD vs  
32 W, 0.7657±0.08018 vs 0.7757±0.03207; 
P=0.765; Figure 1F).

Maternal vitamin D supplementation before 
pregnancy rescued the spatial learning and 
memory of offspring 

Spatial learning and memory function were 
measured with latency and the numbers of  
mistakes in the PA test, cognitive index in the 
NOR test, and latency and number of platforms 

Figure 1. Vitamin D supplementation before pregnancy and advanced maternal age (AMA) did not change the anxi-
ety and depression of young adult offspring. A. The percentage of time spent in the central region in the Open Field 
test. B. OT% in the elevated Plus Maze test. C. OE% in the elevated Plus Maze test. D. The percentage of immobility 
duration in the Tail Suspension test. E. Immobility duration percentage in the Forced Swimming test. F. Sucrose 
preference in the Sucrose Preference test. No significant difference was found in young adult offspring’s anxiety 
and depression states between offspring in the 32 W group and offspring in 8 W group, or in that between the 32 
W+VD group and 32 W group. OT%: percentage of time spent in the open arms; OE%: percentage of entries to the 
open arms. All data are shown as mean ± SD, ns P>0.05.
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crossing in the MWM test. Swim speed in the 
MWM test was evaluated to eliminate all bias 
due to visual and motor deficits. 

Compared with offspring born to normal repro-
ductive age females, offspring born to AMA  
had shorter latency (F=2383.344, P<0.001; 
Figure 2A) and made more mistakes (8 W vs  
32 W: 1.045±0.7854 vs 2.045±0.7854; P< 
0.001; Figure 2B) in the PA test. In the NOR 
test, cognitive index (8 W vs 32 W: 0.683± 
0.118 vs 0.561±0.070; P=0.013; Figure 2C) in 
the offspring born to AMA mice was lower than 
that in the offspring born to mice at normal 
reproductive age. In the MWM test, no signifi-
cant difference was found in swim speed (8 W 
vs 32 W: 21.75±4.675 vs 23.34±15.14; P= 
0.506; Figure 3A), but offspring born to AMA 
mice had shorter swim distance (8 W vs 32  
W: 491.6±183.1 vs 407.5±167.1; P=0.017; 
Figure 3B), longer escape latency (F=4.682, 
P=0.011; Figure 3C), and lower times of plat-
forms crossing (8 W vs 32 W: 5.164±2.478 vs 

3.250±2.232; P<0.0001; Figure 3D). Besides, 
we observed a rise in the escape latency on  
the third day, indicating worse memory of mice 
in the 32 W group.

In comparison with offspring born to AMA mi- 
ce, offspring born to AMA mice with vitamin D 
supplementation before pregnancy had longer 
latency (F=919.632, P<0.001; Figure 2A) and 
fewer mistakes (32 W+VD vs 32 W: 1.455± 
0.9625 vs 2.045±0.7854; P=0.031; Figure 2B) 
in the PA test. Cognitive index (32 W+VD vs 32 
W: 0.658±0.110 vs 0.561±0.070; P=0.032; 
Figure 2C) in the offspring born to AMA mice 
with vitamin D supplementation before preg-
nancy was lower than that in the offspring born 
to AMA mice. In the MWM test, we observed no 
significant difference in swim speed (32 W+VD 
vs 32 W: 24.24±2.508 vs 23.34±15.14; P= 
0.700; Figure 3A), swim distance (32 W+VD vs 
32 W: 451.7±129.8 vs 407.5±167.1; P=0.212; 
Figure 3B) and escape latency (F=2.007, P= 
0.161; Figure 3C), but offspring born to AMA 

Figure 2. Maternal vitamin D supplementation before pregnancy rescued the spatial learning and memory impair-
ment of offspring of AMA mice. A. Offspring in the 32 W+VD and 8 W groups had longer latency than offspring in 
32 W group in the Passive Avoidance test. B. Offspring in 32 W+VD and 8 W group had fewer entries to the dark 
room than offspring in 32 W group on the fifth day in the Passive Avoidance test. C. Offspring in 32 W+VD and 8 
W group had elevated cognitive index compared to offspring in 32 W group in the Novel Object Recognition test. D. 
Representative track maps in the Novel Object Recognition test showed that offspring in 32 W+VD and 8 W group 
had a clearer way to object A and object B than offspring in 32 W group. All data are shown as mean ± SD, *P<0.05, 
***P<0.001.
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mice with vitamin D supplementation before 
pregnancy had longer times of platforms cro- 
ssing (32 W+VD vs 32 W: 4.821±2.262 vs 
3.250±2.232; P=0.006; Figure 3D).

In summary, PA, NOR and MWM tests demon-
strated that offspring born to AMA mice had 
worse spatial learning and memory, while ma- 
ternal vitamin D supplementation before preg-
nancy rescued the impairment.

Maternal vitamin D supplementation before 
pregnancy promoted neural cell growth in the 
hippocampus of offspring

NEFH [36], MAP2 [37], and NeuN [38] are re- 
lated with neural cell growth, so immunofluo-

rescence and q-PCR analysis were conducted 
to evaluate expressions of neural cell markers 
in offspring hippocampus. 

In comparison with offspring born to mice with 
normal reproductive age, offspring born to  
AMA mice had significantly lower expression  
in NEFH (8 W vs 32 W: 1.60±0.95 vs 1.00; 
P=0.0004; Figure 4A, 4B) and MAP2 (8 W vs 
32 W: 2.53±0.12 vs 1.00; P<0.0001; Figure 
4A, 4D), but not in NeuN (8 W vs 32 W: 
1.00±0.03 vs 1.00; P=0.7953; Figure 4A, 4C) 
in the hippocampi of offspring.

Compared with offspring born to AMA mice, off-
spring born to AMA mice with vitamin D supp- 

Figure 3. Maternal vitamin D supplementation before pregnancy rescued the spatial learning and memory impair-
ment of offspring of AMA mice. A. No significant difference was found in swim speed. B. Offspring in the 8 W group 
had longer swim distance than offspring in 32 W group, but no significant difference was found in swim distance 
between offspring in the 32 W+VD group and offspring in 32 W group. C. Escape latency by one-way repeated-
measure ANOVA in offspring in the 8 W group was longer than that of offspring in 32 W group, but we did not observe 
a significant difference between offspring in the 8 W group and offspring in the 32 W group. D. Offspring in the 32 
W+VD group and 8 W group had a longer time of platform crossing than offspring in 32 W group. E. Representative 
track maps in the MWM test showed that offspring in 32 W+VD and 8 W group had a clearer way to the hidden plat-
form than offspring in 32 W group. All data are shown as mean ± SD, ns P>0.05, *P<0.05, **P<0.01, ***P<0.001.
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lementation before pregnancy had elevated ex- 
pression of NEFH (32 W+VD vs 32 W: 1.51± 
0.62 vs 1.00; P=0.0001; Figure 4A, 4B) and 
MAP2 (32 W+VD vs 32 W: 1.67±0.07 vs 1.00; 
P<0.0001; Figure 4A, 4D), while they showed 
no significant difference in NeuN mRNA expr- 
ession but in NeuN protein expression (32 
W+VD vs 32 W: 1.00±0.02 vs 1.00; P=0.7376; 
Figure 4A, 4D).

Discussion

The current study found that AMA not only af- 
fected maternal reproduction ability, but also 
had an adverse effect on perinatal outcome 
and neonatal development, similar to previous 
research [39-41]. Nevertheless, vitamin D sup-
plementation promoted the development of 
offspring but had no significant effect on ma- 

Figure 4. Maternal vitamin D supplementation before pregnancy promoted neural cell growth, while AMA inhibited 
neural cell growth in offspring’s hippocampus. A. Offspring in the 32 W+VD group and 8 W group had elevated 
hippocampal NEFH, NeuN, and MAP2 protein expression compared to offspring in 32 W group. Bar = 500 μm. B. 
Offspring in the 32 W+VD group and 8 W group had elevated hippocampal NEFH mRNA expression compared to 
offspring in 32 W group. C. No significant difference in NeuN mRNA expression was found between offspring hip-
pocampi in the 32 W+VD group and 32 W group, or between the 8 W group and 32 W group. D. Offspring in the 32 
W+VD group and 8 W group had elevated hippocampus MAP2 mRNA expression compared to offspring in 32 W 
group. All data are shown as mean ± SD, ns P>0.05, ***P<0.001.
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ternal reproduction ability and adverse preg-
nancy outcome. This should be verified with 
more detailed information and a larger sample 
size. 

Based on data from our study and others, no 
significant differences in duration from mating 
to pregnancy and litter size were observed. We 
did observe a trend suggesting that great in- 
tra-group differences contributed to the nega-
tive effect after detailed analyses. As for the 
offspring development, AMA impaired fetal gr- 
owth and vitamin D supplementation improved 
infant growth, as is widely recognized by ex- 
perts [42-44].

Depression and anxiety are proven to impair 
cognitive function [45, 46]. To eliminate such  
a possible influence, we conducted related ex- 
periments on offspring mice, including OF test, 
elevated PM test, TS test, FW test, and SP test. 
Although we concluded that AMA and maternal 
vitamin D supplementation before pregnancy 
did not change the anxiety and depression of 
young adult offspring, we did observe a slight 
difference in the indicators although this was 
not significant.

Our results showed that AMA impaired off- 
spring cognitive function while vitamin D sup-
plementation during pregnancy rescued the 
impairment. No such experiments have been 
conducted in clinical trials and randomized  
controlled trials. Some prospective cohort stu- 
dies conclude that children of mothers with 
vitamin D insufficiency are at increased risk of 
language impairment [47] and had lower cog- 
nitive function scores [48] compared to chil-
dren of mothers without insufficiency, which is 
similar to our results. Although some studies 
got the negative result such as Gale et al. in the 
prospective longitudinal study with 9 years of 
follow-up, we consider this not convincing en- 
ough as no confounders were adjusted for in 
this study [49].

Emotions such as anxiety and depression are 
proved to be correlated with the amygdala [50, 
51], while memory and learning are related to 
the hippocampus [52]. For instance, the exci- 
tation-inhibition imbalance in the amygdala is 
considered to be an underlying pathophysio- 
logic mechanism of anxiety, while Erbin (Erbb2-
interacting protein) in parvalbumin neurons is 
critical to maintain the excitation-inhibition bal-

ance in the amygdala and reveals a novel pa- 
thologic mechanism for anxiety disorders [53]. 
Some studies showed that stress-induced GA- 
BAergic dysfunction in the nucleus accumbens 
contributed to the pathophysiology of depres-
sion [54]. Besides, Negr1 (neuronal growth re- 
gulator 1) controls adult hippocampal neuro-
genesis and affective behaviors [55]. Microg- 
lia, brain-resident immune cells, are involved in 
mouse cognitive impairment [56].

The present study has several limitations. The 
first is that maternal emotion and cognitive 
were not measured to eliminate a maternal 
effect on offspring emotion. Second, this study 
is not mechanistic, and this will be investigated 
in future experiments. The last limitation is the 
small sample size. We observed slight differ-
ences in some indicators, which did not reach 
significant level due to small sample size and 
large intra-group differences. Despite these 
limitations, our research has its strengths: the 
adoption of several behavioral tests to deter-
mine the anxiety and depression states and 
cognitive function of offspring. To our knowl-
edge, no random controlled trials about vita- 
min D supplementation and offspring cognition 
have been published before.

The next step of our experiments was to ex- 
plore the molecular mechanism of how mater-
nal vitamin D supplementation rescues offspr- 
ing’s cognitive function. To achieve this, we not 
only investigated the neuronal markers, rela-
tion between vitamin D receptor level and 
expression of its enzymes-Cyp27a1 and Cyp- 
27b1, in the offspring hippocampus, but also 
the signaling pathway that regulates vitamin D 
metabolism. 

By virtue of this article, we would like to em- 
phasize the significance of maternal vitamin D 
supplementation before pregnancy. Since ma- 
ternal vitamin D supplementation was correlat-
ed to development and cognitive function of 
offspring, supplementation of vitamin D should 
be considered before pregnancy.
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